In the synthesis of bio-active compounds, fluorinated compounds play a prominent role. However, the site-selective fluorination of organic molecules is often challenging, because activation of a reaction site using a fluorinating reagent can be difficult in a substrate possessing many functional groups. This digest introduces recent examples of site-selective fluorination reactions.
Introduction
Organic molecules containing one or more fluorine atoms are undoubtedly useful and important. According to the literature [1] , approximately 30% of all agrochemicals and 20% of all pharmaceuticals contain a fluorine atom. For example, the antidepressant fluoxetine (Prozac) [2] , the cholesterol-lowering drug atorvastatin (Lipitor) [3] , and the antibacterial ciprofloxacin (Ciprobay) [4] are well-known fluorinated pharmaceuticals.
To synthesize complex fluorinated molecules, the development of highly selective fluorination reactions is required. The main fluorination methods are electrophilic and nucleophilic reactions [5, 6] , but more recently reports of radical fluorination reactions have emerged [7] [8] [9] (Scheme 1). Judging from those three reaction patterns, the fundamental theory of fluorinations has already been established, and there are already many well-established fluorinating reagents e.g. SelectFluor [10] and DAST (diethylaminosulfur trifluoride) [11] .
Scheme 1
Although various types of fluorination reactions including C-H fluorination and enantioselective reactions with designer fluorinating reagents have been reported [10] [11] [12] , the core issue is to develop more efficient reactions for C-F bond formation addressing the problem of site selectivity with a substrate possessing multiple reaction sites ( Scheme 2) . In this digest, we attempt to provide an overview of selected recent reports of site-selective fluorination, together with our insights. We have decided to focus on fluorination reactions which lead to incorporation of a single fluorine atom alone, and not to include related transformations such as fluoro-functionalization where both a fluorine atom and another element are introduced simultaneously. This digest is not intended to be a comprehensive review of recent developments, but simply to introduce a selection of key methods for achieving site selective fluorination reactions.
Scheme 2
Site-selective fluorination of hydroxy groups
The direct substitution of a hydroxy group with a fluorine atom provides aryl-or alkyl fluorides from phenols or alcohols, a so-called deoxyfluorination reaction. Ritter's group has invented a new deoxyfluorinating reagent, PhenoFluor (1) [13] . This reagent enables direct substitution of the hydroxy group of both electron-poor and -rich phenols in the presence of CsF (Scheme 3). Although the reaction conditions are not mild (reaction temperature 110 ºC), site-selective fluorination was observed when 2 possessing two hydroxy groups was used as a substrate. Fluorine substitution at the hydroxy para to the carbonyl in 2 is much faster than that of the ortho-hydroxy, probably due to hydrogen bonding between the ortho-OH and the ester group [14] .
Scheme 3
They also investigated the structure of the intermediate in this reaction. When para-anisol (4) reacted with 1, a condensation reaction took place to give salt 5 in 91% yield (Scheme 4). Salt 5 reacted with CsF to produce the fluoride 6 in 67% yield.
According to the X-ray structure of 5, there is a hydrogen bond between one hydrogen atom on the heterocycle and the bifluoride counterion. They speculated that this hydrogen bonding increases the reactivity for fluorinations.
Scheme 4
A disadvantage of this deoxyfluorination reaction is the use of a stoichiometric amount of PhenoFluor, which generates a lot of waste. However, the operationally simple protocol and high site-selectivity outweighs this drawback. Ritter's group further demonstrated the advantage of PhenoFluor methodology in late-stage deoxyfluorination of alcohols [14a] . In bio-active molecules such as oligomycin A, ivermectin B1a and everolimus, alcohol groups are located at many positions. Therefore, the late-stage fluorination of such molecules is very difficult without loss of untargeted alcohol groups. The reaction of alcohol, .
Scheme 5
Site-selective fluorination of alkyl halides
Primary-and secondary-alkyl fluorides can be accessed by conventional nucleophilic fluorination reactions, such as the Finkelstein reaction (Scheme 6) [5, 15] . Alkyl chlorides, bromides, iodides or triflates can react with fluoride ions to produce alkyl fluorides via nucleophilic substitution. The Finkelstein reaction using an alkali metal fluoride is very convenient and economical, but a major drawback of the reaction is its sensitivity to water. Fluoride ions have a strong tendency to form hydrogen bonds with water molecules which decreases their reactivity. Fluoride ions are also poorly reactive towards tertiaryalkyl halides.
Scheme 6
In 2016, Nishikata's group reported that a copper-catalyzed site-selective fluorination of α-bromoamides possessing multiple reaction sites 7, such as primary and secondary alkyl-Br bonds, using inexpensive CsF (Scheme 7) [16a] . The reactivities of alkyl halides in nucleophilic fluorination reactions generally follow the order: primary carbon center >secondary carbon center >tertiary carbon center, as observed in an SN2 reaction. Interestingly, these copper-catalyzed radical fluorination conditions enabled selective fluorinations at a tertiary-alkyl carbon center to provide fluorinated products 8 in good yields. C(sp 2 )-Br and C(sp 2 )-I bonds are also good reaction sites for catalytic fluorination using metal catalysts, [17] but the products 8g and 8h
were obtained without loss of the C(sp 2 )-Br and C(sp 2 )-I bonds. Li's group also reported site-selective fluorinations by using Selectfluor, in which tert-alkyl halogen bonds react exclusively over other alkyl halogen bonds.
[16b]
Scheme 7 Control experiments revealed that in situ generated CuF2 is the key fluorinating reagent that reacts with tertiary alkyl radicals generated by the reaction between an α-bromocarbonyl compound and a copper(I) salt (Scheme 8). The reaction discriminates between different reactive alkyl-X bonds, producing the corresponding monofluorinated product 8 selectively.
Scheme 8
Site-selective fluorination of allylic halides
Allylic fluorides are important fragment in a range of pharmaceuticals, and agrochemicals [18] . Those allylic fluorides can be synthesized from the reaction of allylic electrophiles with fluoride anions, but this poses a problem in terms of site-selectivity (regioselectivity), in which either a linear or branched allylic fluoride can be generated (Scheme 9).
Scheme 9
In Pd-catalyzed allylic fluorinations, branched-selective reaction is useful for enantioselective fluorination. Doyle's group reported the Pd(0)-catalyzed allylic fluorination of linear allylic chlorides 10 to produce branched allylic fluorides 11 (Scheme 10) [19] . Aliphatic allylic chlorides resulted in good branched selectivities and high enantioselectivities. The naphthylsubstituted Trost ligand plays an important role for controlling the branched selectivity. However, cinnamyl chloride and its derivatives provided low regioselectivity under the best conditions.
Scheme 10
The synthesis of branched allylic fluorides from cinnamyl derivatives is very difficult because of the conjugation between the aromatic ring and the alkene. However, linear-selective allylic fluorinations 13 can be achieved using cinnamyl caboxylate derivatives 12 in the presence of a palladium catalyst and TBAF tert-butyl alcohol complex [TBAF(tBuOH)4], which has low hygroscopicity and basicity (Scheme 11) [20] .
Scheme 11
Nguyen's group reported that allylic trichloroacetimidates 14 undergo site-selective fluorination in the presence of an iridium catalyst (Scheme 12) [21] . As above (Scheme 10), aliphatic allylic electrophiles gave excellent branched-selectivity. They also tested various Lewis acid catalysts, such as Zn(OTf)2, Cu(OTf)2, and palladium catalysts, but the desired product 15 was not obtained. According to their control experiments, the reaction may occur through an SN1 mechanism, but the details were not clear. In the case of copper fluoride-mediated allylic fluorinations of linear allylic chloride 16, the linear-product 17 was obtained (Scheme 13) [22] . This fluorination reaction is expected to be an SN2-like reaction (Finkelstein reaction) but other fluorides, such as CsF and LiF, were not reactive.
Scheme 12
Scheme 13
An interesting site-selective allylic fluorination reaction can be achieved using a carbonyl group as a directing group to control the regioselectivity (Scheme 14) [23] . The fluorination reactions occurred directly at the C-Br bond ( substitution not ) to produce allylic fluorides 19. On the other hand, the reaction of 18a provided γ-fluorinated product 19a in 78% yield (Scheme 15). To explain this site selectivity, Liu suggested that both reductive elimination and SN2-type attack of the allylic Cu III complex are possible. The coordination of oxygen to the copper is important not only for site-selectivity but also for reactivity; when 2-bromo-3-dodecene was used as a substrate, the fluorination reaction did not occur at all.
Scheme 14
Scheme 15
Site-selective fluorination of C-H bonds
Alkane C-H bonds
One of the most attractive and ideal functional groups for fluorination reaction is a C-H bond. Since a molecule generally has various C-H bonds including aromatic, aliphatic (1º, 2º or 3º), allylic and benzylic C-H bonds, it can be very difficult to distinguish the target C-H bond using reactive fluorinating reagents (Figure 1 ) [24] . . The resulting radical intermediate reacts with a fluorinating reagent to produce the corresponding fluoroalkane.
This reaction provides direct access to fluorinated alkanes but the yields are generally not high. The site selectivities in the reaction are generally dependent on the stability of the generated radicals (3º >2º >>1º).
Tan's group discovered an anthraquinone (AQN) catalyzed C-H fluorination reaction in the presence of Selectfluor (Scheme 16) [26] . In this reaction, a cationic N-radical from Selectfluor activates AQN (triplet AQN) under photo irradiation to produce active fluorinated AQN (AQN+F) which abstracts a hydrogen atom from alkane 20 to generate a carbon centered radical. The generated radical reacts with AQN+F to give the corresponding fluorinated alkane 21. As this is a radical reaction, the reactivity and selectivity depend on the stability of the intermediate radicals. When 21e possessing 3º and 2º alkyl moieties was used, the fluorination reaction selectively occurred at the 3º carbon. On the other hand, the site selectivity in the formation of fluorides 21a-21d was not explained.
Scheme 16
Acetophenone (MeCOPh) is also good catalyst for alkane C-H fluorination (Scheme 17) [27] . Fluorination reactions in the presence of Selectfluor, and MeCOPh under photo irradiation provided site-selective fluorination for 3º over 2º carbons. As above (Scheme 16), the reaction depends on the stability of the intermediate carbon radicals and 3º radicals are more readily formed than 2º radicals.
Scheme 17
Photo-excited decatungstate (W10O32 4- ) is also a good catalyst for unactivated alkane C-H fluorination in the presence of NFSI under photo irradiation (Scheme 18) [28] . Although substrates possessing 2º C-H did not undergo site selective fluorination, substrates possessing 3º C-H provided excellent site selectivities (25a-25c).
Scheme 18
A carbonyl group is often useful for a directed fluorination reaction. Lectka's group reported the late-stage fluorination of polycyclic terpenoid derivatives 26 possessing an enone structure (Scheme 19) [29] . Under photo irradiation, triplet excited enone abstracts a γ-hydrogen atom to generate a radical intermediate. The resulting carbon-centered radical is susceptible to fluorination with Selectfluor and produces the fluorinated terpenoid 27 site selectively.
Scheme 19
Tang's group reported a site-selective fluorination using Selectfluor II in the presence of K2S2O8 (Scheme 20) [30] . In this reaction, Selectfluor or NFSI were not effective at all, but Slectfluor II was found to be a good fluorinating reagent. Both 3º and 2º C-H bonds underwent single and site-selective fluorination to produce the corresponding fluoroalkanes (29a-29f). 3º
C-H bonds were found to be react much faster than 2º C-H bonds because of the radical pathway. This method can be applicable to late-stage fluorination of natural products and derivatives. For example, sclareolide, and a diterpene derived from gibberellic acid, proceeded to form the fluorinated products (29g and 29h) with excellent site selectivity. 
Scheme 21
Allylic C-H bonds
As described above, C-H fluorinations of alkyl 3º and 2º C-H bonds can be achieved by suitable choice of conditions. 
Scheme 22
Doyle's group has reported palladium/chromium-catalyzed allylic C-H fluorinations with ammonium fluoride as a fluorinating reagent (Scheme 23) [32] . The electrophilic Pd II -sulfoxide catalyst system [33] smoothly activates an allylic C-H bond of 32 to undergo site-selective fluorination with moderate to good branched-selectivities (33a-33c). This protocol can be applied to the late-stage fluorination of steroid derivatives to produce 33d.
Scheme 23
Lectka's group also reported allylic C-H fluorinations with excellent site selectivities [34] . A mixture of silver and selenium salts in the presence of NfPyBF4 enabled fluorination of alkenes 34 to produce various allylic fluorides 35. The reaction might involve either a carbocation or a radical but the observed site selectivity did not provide a means to distinguish between these possibilities.
Scheme 24

Benzylic C-H bonds
There are some reports on benzylic C-H fluorinations but most of the reactions are not site-selective [35] . Since the benzylic C-H fluorinations involve a radical mechanism, it is very difficult to achieve high selectivity. Britton's group reported site selective fluorinations of pyridine derivatives 36 in the presence of NFSI (Scheme 25) [36] . When pyridine derivatives 36 were used under their optimized conditions including NFSI and Li2CO3, selective fluorinated products 37 were obtained. Those site selectivities could be explained by the proposed intermediate, which is generated via formation of an N-sulfonyl pyridinium salt.
Scheme 25
They also demonstrated the site-selective late-stage C-H fluorination of ibuprofen derivative 38 (Scheme 26). Simply heating 38 with NFSI provided pyridylic fluoride 38a in 54% yield. The reaction of 38 with LDA produced an anion at the carbonyl α-position, which reacted with NFSI to produce α-fluoroester 38b in 63% yield. Photocatalytic decatungstate reaction conditions led to benzylic fluorination to produce 38c [28a] .
Scheme 26
Groves's group reported manganese catalyzed site-selective fluorinations in the presence of trimethylamine trihydrofluoride via a radical pathway (Scheme 27) [37] . In situ generated manganese oxide formed from the reaction of MnCl and PhIO smoothly provided a benzylic radical from the benzylic C-H bond of 39, which reacted with the fluorinating reagent to produce the corresponding site-selective fluorinated products 40.
Scheme 27
Aryl C-H bonds
The formation of aryl-fluorine bonds [38] has often proved even more challenging than the synthesis of alkyl-fluorine bonds, as nucleophilic fluorination reactions do not usually proceed effectively unless the aromatic ring is very electron deficient.
Nevertheless, as noted above, recent progress has been made on the direct fluorination of phenols using a novel deoxyfluorinating agent [13] . The majority of recent work on the synthesis of aromatic fluorides, however, has focused on the development of novel transition-metal mediated fluorination reactions. Broadly speaking, these reactions fall into three different categories: 1) metal-mediated nucleophilic fluorination of aryl halides or triflates [39] ; 2) metal-mediated fluorination of organoboron, organostannane or organosilane derivatives [40] ; and 3) metal-mediated direct fluorination of C-H bonds. In the first two cases, the site selectivity is controlled by the location of the functional group already present (e.g. aryl halide, aryl trifluoroborate), so these methods will not be discussed in detail here. In the third case, the site selectivity of the C-H functionalisation must be controlled by the transition-metal species used to mediate the reaction.
In 2006, Sanford and co-workers reported the first Pd-catalysed fluorination of C-H bonds, including some arene examples, using nitrogen-containing directing groups [41] . Recent work in the area has led to the development of milder methods for C-H fluorination of a wider range of aromatic systems. For example, Xu and co-workers found a Pd-catalysed C-H fluorination reaction was significantly accelerated by the addition of nitrate ions (Scheme 28) [42] . Their new protocol enabled the Pdcatalysed fluorination of aromatic C-H bonds adjacent to oximes (41) to take place at temperatures of 25-40 °C. The same group also developed a method for site-selective C-H fluorination of phenol derivatives using a removable pyridyl directing group [43] , but harsher reaction conditions were required in this case.
Scheme 28
Further progress has been made in the identification of novel directing groups for aromatic C-H fluorination. Yu and coworkers showed that electron-deficient aromatic benzamides (43) could be used to achieve selective C-H fluorination using a palladium catalyst in combination with an N-fluoropyridinium salt (Scheme 29) [44] . Addition of a small quantity of NMP to the reaction was found to result in an increase in the reaction yield. The amide group could be cleaved under basic conditions to provide access to the corresponding ortho-fluorobenzoic acids (44a-c).
Scheme 29
Zhao and co-workers developed a method for regioselective C-H fluorination of benzylamine derivatives (45), using an oxalyl amide directing group (Scheme 30) [45] . The reaction takes place at moderate temperature using only 5 mol% palladium(II) acetate and NFSI as the fluorine source. The reaction for one example was performed on a gram scale, with comparable yield, and the directing group could be removed via basic hydrolysis.
Scheme 30
Daugulis and co-workers reported a copper-catalysed aryl C-H fluorination, using AgF as the fluorine source, with Nmethylmorpholine-N-oxide as a stoichiometric oxidant (Scheme 31) [46] . The reaction can be applied to amide derivatives of benzoic acids (47) , and either mono or difluorination could be achieved depending on the choice of reaction conditions. The latter reaction was also applied to benzylamine amide derivatives. The main drawback of this method is the requirement for a large excess of AgF as the fluoride source.
Scheme 31
A remarkable site-selective direct fluorination of pyridines and related heterocycles (49) using AgF2 was reported by Hartwig [47] . The reaction leads exclusively to fluorination at the 2-position of pyridines, and a nucleophilic addition/oxidation pathway was proposed. The reaction could even be applied directly to the fluorination of pyridine-containing pharmaceuticals. The main drawback is the requirement for a large excess of the silver salt.
Scheme 32
Conclusions and perspectives
The present reactions summarize and highlight recent progress in site-selective fluorination reactions using electrophilic, nucleophilic, and radical pathways in the presence/absence of a metal catalyst or photo catalyst. Site-selective fluorinations are very attractive for late-stage synthesis of a complex fluorinated molecules. Although there are many reports of fluorination methods, control of the site-selectivity remains a significant challenge, especially in the direct fluorination of C-H bonds. The methodology summarised here shows how progress has been made in terms of controlling the site selectivity of fluorination, but most reactions are still very substrate dependent and give low to moderate yields. These are problems that will need to be solved in the future.
